The mass transport of Cu during electromigration (EM) testing is typically dominated by interface diffusion. If a mechanism other than interface diffusion begins to affect the overall transport process, then the effective diffusivity, D, of the EM process would deviate from that of interface diffusion only. This would have fundamental implications. We have preliminary evidence that this might be the case, and we report its implications for EM lifetime assessment in this manuscript.
INTRODUCTION
As interconnects are aggressively scaled, current density continues to increase, thereby accelerating the EM degradation processes. One way the electromigration current could introduce extra damage is through EM-induced plasticity -a phenomenon that has been observed recently both in Al [1] and Cu [2] interconnects. This plasticity could have very important implications both in the efforts to improve EM reliability as well as in the development of methodologies for EM reliability assessment.
Plastic deformation was observed in metallic interconnect test structures [1, 2] during in situ electromigration experiments and before the onset of visible microstructural damage (voids, hillock formation). It has been shown using a synchrotron technique with white beam x-ray microdiffraction [3] that almost as soon as the EM current is turned on, grains start to deform plastically. The extent of this EM-induced plasticity in Cu test structures [2] is dependent on the width of the interconnect lines. In wide lines, plastic deformation manifests itself as grain bending and the formation of subgrain structures, while only grain rotation is observed in the narrower lines. It has also been shown that the grain texture of the Cu line might also play an important role.
Furthermore, the grain bending and the subgrain structure formation were observed not in any random direction, but always in the direction across the width of the lines [2] . Upon further investigation, it was also found that a particular slip system in an FCC crystal is responsible for the kind of plasticity observed in the Cu grains, and that particular slip system always has the <112> line direction almost coinciding with the direction of the electron flow (within 10º).
This observed plasticity hence leads to a concentration of edge dislocations with cores running along the direction of electron flow such as illustrated in Figure 1 Dislocation cores are, in general, already recognized as fast diffusion paths [4] , but in this configuration especially, their contribution to the overall migration of atoms from the cathode to the anode end of the line is even more pronounced. When the concentration of these dislocations reaches a high enough level of dislocation density (ρ) in the crystal, their contribution to the overall effective Diffusivity (D eff ) can no longer be neglected:
(Eq. 1)
where a core and D core are the cross-sectional area and diffusivity of a dislocation core, respectively, ρ is the dislocation density, and δ, h and D int are the effective interface diffusion thickness, the height of the line and the diffusivity of the interface, respectively. In this equation, the diffusivities are described in the usual way by D = D o exp(-E A /kT) where E A is the activation energy, D o a constant, and k the gas constant.
Diffusion along dislocation cores ("pipe diffusion") has been commonly included in models of diffusion-controlled deformation in bulk materials [5] . Suo [6] considered the motion and multiplication of dislocations under the influence of an electric current in a conductor line, and suggested that EM-driven dislocation multiplication could itself lead to dislocation densities high enough to affect EM degradation processes. Oates [7] , however, did not see 1-4244-0919-5/07/$25.00 ©2007 IEEE IEEE 07CH37867 45 th Annual International Reliability any diffusivity effects that could be attributed to dislocations in his experimental study. Baker et al. [4] through their experimental study of nanoindented Al lines (width = 1 µm, mean grain size = 1.1 µm) showed that the effect of a dislocation density of 10 16 /m 2 is comparable to diffusion through a grain boundary. These studies all essentially suggest that if the dislocation density is sufficiently high, this may affect the overall EM degradation processes in metallic interconnects, and thus could have fundamental implications.
The present paper describes a key piece of experimental evidence that opens up the very possibility that such a high dislocation density is present in the Cu test structures undergoing EM. It then concerns itself with its important implications for EM reliability assessment methodologies.
The synchrotron technique of scanning white beam X-ray microdiffraction has been described in a complete manner elsewhere [3] . It consists of scanning the sample under a submicron size X-ray beam and capturing a Laue diffraction pattern at each step with a CCD detector. Using a small beam allows us to consider each grain of the interconnect sample as a single crystal. The indexing of the Laue pattern gives the orientation of the grain while the shape of the Laue peaks yields information regarding plastic deformation of the individual grain.
EXPERIMENTAL
The interconnect test structure used in this study is an electroplated Cu damascene line fabricated by AMD. The test line is of 200 µm in length and approximately 0.2 µm in thickness, and 0.5 µm in width. The line is passivated with carbon-based CVD oxide (low-k). Both vias at either end of the line connect to a lower metallization level, which in turn connects to unpassivated bond pads which are used for electrical connection.
The white beam x-ray microdiffraction experiment was performed on beamline 7.3.3. at the Advanced Light Source, Berkeley, CA. The electromigration test was conducted at 300 o C. Current and voltage were monitored at 10s increments. The sample was scanned in 0.5 µm steps. A complete set of CCD frames takes about 6 to 7 hours to collect. The exposure time was 20 s plus about 10 s of electronic readout time for each frame. In this manner the Laue pattern and information regarding plastic deformation for each grain in the sample was collected for each time step during the experiment. The current was ramped up to 2 mA (j = 2 MA/cm 2 ) and then set at that value for the rest of the test (up to 36 hrs).
Another interconnect test structure was also prepared with dimensions similar to those of the first one, but with a different ILD material to provide comparison and sense of generalities of the extent of plasticity. The ILD material for this set of samples was SiO 2 based. The line length is 200 µm, the thickness is approximately 0.25 µm and the width is 0.7 µm.
RESULTS AND DISCUSSIONS
We first describe the in situ electromigration observations on both of the Cu damascene test structures. 
We find that as the EM test progresses, plasticity is observed in the Cu grains throughout the line, such as demonstrated in Figure 3 (a). Plasticity here may manifest itself either in the form of diffraction spot broadening (streaking) or in the form of diffraction spot splitting into clearly two or even more different spots. The broadening of the diffraction spots represents crystal bending of the Cu grains in the line, whereas the split diffraction spots indicate the formation of low-angle boundaries or subgrain structures. From the amount of broadening we can calculate the bending of the Cu crystal, and from the amount of splitting, the angle of misorientation. As plasticity is observed across grains throughout the segments of the Cu interconnect line under observation, we can argue that such continuous network of dislocation cores as shown in Figure 3 (b) exists throughout the full length of the line.
A A
The extent of plasticity such as indicated by the Laue spot streaking shown in Figures 2 and 3 is fairly large, and represents a marked departure from our previous observations on a similar set of Cu damascene lines [2] . Figure 4(a) illustrates the extent of the large amount of plasticity observed experimentally in Cu grains in the test structure. In this Laue photograph of the Cu interconnect line with the Carbon-based CVD oxide dielectric (after 36 hours of EM at 300ºC and 2MA/cm 2 ) most diffraction spots are shown to be broadened or split to various extents. The one set of diffraction spots that are relatively sharp and rounded belong to the Silicon substrate crystal. The most extreme broadening is shown by a set of Cu diffraction spots marked by boxes, which represents a Cu grain undergoing intense EM-induced plasticity. The nature of plastic deformation exhibited by this particular grain can be further investigated by comparing the initial crystal orientation of the grain (through indexation of the diffraction spots), and a set of possible simulated streaking directions that represent the 12 possible plastic bending events in the FCC crystal. If one of the simulated streaking directions match with the actual streaking directions observed in Figure 4 (a), we could infer the active slip system of the plastic deformation. The out-of-plane orientation of this particular Cu grain is close to <111>, which is consistent with the typical texture of Cu lines seen in the industry [8] . In this approximately <111> oriented grain, the simulation (Figure 4(b) ) suggests that the ( ) ]
slip system is active, causing the crystal to deform plastically and to lead to the pattern of the diffraction spot streaking. The specific <112> line direction of this plastic deformation, which essentially becomes the rotation axis of the crystal bending, is observed to be [-1-12] and that it is very close to the direction of the electron flow (off by 7.9º) in the interconnect line. This observation holds true (within 10º) throughout the many grains along the Cu line, and is consistent with our previous observation [2] . This further confirms that the observed plasticity leads to the concentration of edge dislocations in Cu grains with cores running along the direction of electron flow throughout the full length of the interconnect lines such as illustrated earlier in Figure  3 (b).
Grain orientation mapping of these Cu lines unfortunately could not be obtained in the present study. The X-ray spot size (0.8 x 0.8 µm) currently used in ALS beamline 7.3.3 was relatively large for the dimensions of these state-of-the-art interconnect lines. That makes diffraction spot indexation often very difficult and thus mapping of grain orientations and other further quantitative analyses unreliable. The one Cu grain that we discussed and analyzed above was one of the few grains in the two Cu lines for which indexation of the diffraction spots happens to be sufficiently clear and unambiguous for this analysis. In general, the larger the Cu grains, and the more bamboo-like they are, the more they diffract sharply and give numerous diffraction spots, thus giving higher confidence on the reliability of these results. That being said, however, it is fortunate that we could still always compare qualitatively the evolution of Cu diffraction spots before and after some period of EM testing, as has been demonstrated in Figure 2. ψ-2θContour Plot ψ-2θContour Plot 
FIGURE 4(A) THE GENERAL PLASTICITY OBSERVED EXPERIMENTALLY IN CU INTERCONNECTS; (B) THE SIMULATED STREAKING LAUE PATTERN OF A PARTICULAR CU GRAIN REPRESENTED BY A SET OF LAUE DIFFRACTION SPOTS WITH BOXES
IN THE FIGURE ABOVE (FIG. 4(A) ). ) show still different additional diffraction spots observed during this experiment (after EM testing of 36 hours, at 300ºC and 2MA/cm2 current loading) coming from the Cu lines with the low-k and the hybrid dielectrics, respectively. The diffraction spots have been converted to ψ-2θ space, with ψ running along the direction of the length of the line, and 2θ across the direction of the width of the line. We can then use the broadening and the spot splitting observed to obtain information about the dislocation structure induced into the grain by electromigration. For instance, from the streak length of Figure 5 (a), as measured in the CCD camera, and the sample to detector distance we obtain the curvature angle of the grain of 9.8º°. Assuming a near bamboo structure, the grain width is the same as the width of the line (0.5 µm), from which we get the radius of curvature of the grain, R = 2.34 µm. The geometrically necessary dislocation density to account for the curvature observed can be calculated from the Cahn-Nye To obtain quantitative information on polygonization walls (subgrain boundaries) from the spot split in Figure 5 (b) we observe that the Laue spot splitting, ∆ total = 9.1º º . From this misorientation and Burgers' model of a small angle grain boundary θ = b/L, where L = dislocation spacing, we find L = 16 Å which amounts to a total of 110 dislocations in the subgrain boundaries in the cross-section of the Cu line/grain. The extent of the plasticity such as described here is typical of that observed in both the Cu lines. The significance of the difference, in terms of the extent of plasticity between the two Cu lines (with low-k and hybrid dielectrics), requires added confirmation. Nevertheless they provide a sense of the generality of the extent of plasticity in these Cu lines.
We now discuss the implications of these observations. We have just established that dislocations with cores running along the electron flow direction and densities in the order of 10 15 /m 2 are present in Cu lines undergoing EM (accelerated test conditions) for 36 hours. This level of ρ (the solid line in Figure 6 ) is just above the threshold of dislocation density necessary for the dislocation core diffusion to be on par with the interface diffusion (the dotted line) at the test conditions (T = 300ºC or in other words, 1000/T = 1.75/K). In other words, at this dislocation density we can expect the contribution of dislocation cores to the overall/effective diffusivity in the Cu line during accelerated EM to be at least the same order of magnitude as interface diffusion. This is illustrated in Figure 6 using diffusion coefficient values relevant for the Cu lines used in the present study, available from the literature [5, 9] . It is to be noted, however, that at temperatures below 100ºC, it takes ρ in the order of 10 17 /m2 (the dashed line) for the effect of dislocation cores to be significant. These lower temperatures correlate with the typical use conditions of the device/interconnects. The typical initial dislocation density in Cu/metallic lines was taken to be 10 12 /m 2 [4] and the corresponding diffusivity is as shown by the dashed-dotted line. Furthermore, if ρ should increase with j, then we will find that D eff should also increase with j. Consequently, there will be an extra EM flux, and thus an extra reduction in the time to failure of the device with increasing j. This is an extra dependency on j, which would manifest itself in the value of the current density exponent, n (in Black's equation), being >1.
The fact that n is usually found in real cases to be > 1 (as opposed to n = 1 for the prevailing model of void growth limited failure) suggests that this extra dependency on j, especially at high temperatures of the test conditions, could be due to dislocation core diffusion. In other words, the higher n could be traced back to the higher level of plasticity in the crystal, and the closer n is to unity, the less plasticity must have influenced the electromigration degradation process.
Kirchheim and Kaeber [10] experimentally observed the MTF dependency on current density, j, in an Al conductor line, for a wide range of j, such as shown in Figure 7 (the black-colored dots with error bars were the original data points). It clearly shows that at low current densities, the MTF data is best fit by n = 1 (straight dotted line), while at higher current densities, the MTF data is better fit by n>1 (curved dotted line). Kirchheim and Kaeber however suggested in their paper that these deviations occurring at higher current densities might have been caused by Joule heating [10] . Plasticity, especially in the form described here, could just as likely be the source of such deviations of MTF dependency on j at high current densities. As j increases, plasticity also increases leading to increasingly higher EM fluxes (the dashed, arrowed lines in Figure  7) , and thus increasingly lower MTF, and therefore eventually a current density exponent, n > 1 has to be used to fit the failure time distribution.
However, under use conditions where the temperature is much lower (eg. 100°C), the level of ρ associated with such elevated diffusivity is almost impossible to reach, so that this plasticityamplified diffusivity is associated only with the high temperature and high current density of the accelerated EM test. In other words, there is not likely to be much plasticity under use conditions, and thus the diffusivity is dominated only by interface diffusion, and ultimately the failure time distribution for various use conditions should be as expected from Black's equation using n=1. This is consistent with the observations of Kirchheim and Kaeber [10] discussed above.
This interpretation of the Kirchheim and Kaeber data is consistent with the physical model (void growth limited failure) which has also been observed through in situ EM studies on similar material [11] by Zschech et al.
It can be further stated that plasticity-amplified diffusivity is simply an extra mode of deformation under test conditions (which is not typically present under use conditions), and that its effect is wholly captured in the n value being greater than unity. This plasticity-inflated n could thus lead to inaccurate extrapolations of lifetimes under use conditions.
To improve the accuracy of the reliability assessment of devices under use conditions, we therefore propose that the effect of plasticity has to be removed first from the EM lifetime equation. This can be done simply by insisting on n=1 in our lifetime assessment (i.e., jmax calculation) which in most typical EM test conditions will result in a more conservative prediction of device lifetime.
CONCLUSIONS
We use the synchrotron-based white beam Laue X-ray microdiffraction technique to investigate electromigration-induced plasticity in Cu interconnect structures undergoing electromigration testing. We discovered that the extent and configuration of dislocations in the Cu grains induced during this accelerated EM testing could lead to another competing EM diffusion mechanism in addition to interface diffusion. We have suggested that this plasticity effect can be correlated to the measured value of current density exponent, n, in Black's equation. We have observed that this correlation would then lead to an important implication for the way device lifetime/reliability is assessed.
